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Prospective lesion formation in carotid arteries.
Introduction

One of the leading causes of death and disability in the Western world is cardiovascular disease. The main cause of cardiovascular disease is endovascular lesion formation and most of these lesions are atherosclerotic lesions1. 
In atherosclerosis there is an accumulation of low density lipoproteins (LDL) molecules. These LDL molecules become oxidized by reactive oxygen species to form oxidized LDL (oxLDL). When oxLDL comes in contact with the artery wall it causes damage to the artery wall. In reaction to the damage the endothelium releases cytokines (e.g. MCP-1) for the attraction of monocytes2.  The monocytes at the site of the lesion migrate out of the bloodstream into the intima of the vessel. Ones inside the intima of the vessel the monocytes differentiate into macrophages. The formed macrophages take up the oxLDL resulting in the formation of foam cells. As the foam cells are unable to process the oxLDL, the oxLDL accumulates inside the macrophage ultimately resulting in the rupture of the foam cell. The rupture of the foam cells result in more unphagocytosed oxLDL in the intima of the vessel leading to more damage to the vessel wall and attraction of more monocytes. The formed plaque is called a fatty steak1,2. As the attraction of monocytes and the rupture of foam cells continue the artery wall become inflamed. The foam cells present in the artery wall secrete cytokines and growth factors for extracellular matrix (ECM) production and reproduction of smooth muscle cells. The ECM and the smooth muscle cells produced form a capsule over the affected area1,2,3. Depending on the thickness of the capsule, the capsule can be classified as a stable or unstable plaque. A thick cap is less likely to rupture and is called a stable plaque, there where an unstable plaque that is more likely to rupture is called an unstable plaque. The capsule becomes thinner because of the matrix metalloproteases (MMPs) which are released by the activated macrophages inside the plaque. The MMPs degrade the matrix of the capsule. When an unstable plaque ruptures it may cause thrombus formation upstream of the plaque1,2,3. Figure 1 summarized the different stages of endothelial dysfunction in atherosclerosis. 


     Figure 1. The different stages of endothelial dysfunction in atherosclerosis
The development of atherosclerosis occurs at defined spots in the arterial vasculature. These spots are usually at bifurcations, branches and/or bends in the vasculature4 (figure 2). Development of atherosclerosis at these sites is due to disturbances in blood flow and these disturbances causes different levels of shear stress. In straight arteries there is laminar blood flow which provides a drag on the endothelium. This laminar blood flow can reache high shear stress levels up to 70 dynes/cm2. At bifurcations the flow is turbulent generating a lower oscillatory shear stress (0-10 dynes/cm2). Low shear stress levels is associated with endothelial dysfunction and high shear stress levels in associated with a athero-protective endothelial phenotype1,5,6. 
In the regions with low shear stress levels the oxLDL and monocytes have more contact with the artery wall resulting in more atherosclerosis development. Also, the endothelium is morphologically altered at these sites. With high shear stress levels the endothelial cells are aligned in the direction of the blood flow. At the sites of low shear stress (disturbed flow) the cells are not properly aligned, bigger and age faster as endothelial cells seen at high shear stress levels15,16. 


Figure 2. Effects of laminar of disturbed flow
Extracted from Cooke J.P. PNAS 2003;100:768-770
The different levels of shear stress are sensed by different mechanoreceptors (Figure 3).
These different mechanoreceptors may activate an intracellular signal pathway leading to alterations in pro-inflammatory transcripts2, 8. Oscillatory shear stress levels results in bending of the mechanoreceptor cilia resulting in the activation of the shear stress sensor. The shear stress sensor induces the activation of the IκB kinase (IKK) complex and the mitogen-activate protein (MAP) kinases. The IKK complex phosphorylates IκB resulting in the dissociation of the IkB from the NF-kB. The 
NF-kB translocates from the cytosol into the nucleus inducing the transcription of pro-inflammatory genes. 
MAP kinases phosphorylate the c-jun N-terminal kinases (JNK) and p38 which activate the activator protein 1 (AP-1) superfamily transcription factors in the nucleus. Activation of the AP-1 superfamily transcription factors results in increased transcription of pro-inflammatory transcripts2,8,9. 
Laminar shear stress is sensed by different shear stress sensors. These stress sensors activate the Kruppel-like factor 2 (KLF-2) and the nuclear factor (erythroid-derived 2)-like 2 (NRF2). KLF-2 inhibits the phosphorylation of the IκB resulting in less inflammation transcripts. NRF2 inhibits the phosphorylation of p38 and JNK also resulting in less pro-inflammation transcripts2,8,9. 


Figure 3. Effect of different shear stress levels on inflammatory pathway signaling

Several vasoprotective properties are seen in endothelium. Properties such as vasodilatation, suppression of smooth muscle cell growth and inhibition of inflammatory responses. NO is the mediator of these effects seen. NO inhibits the oxidation of low-density lipoproteins and is anti-inflammatory. A defect in the production or activation of NO may lead to endothelial dysfunction and so may lead to atherosclerosis 5,9,10. 
Laminar shear stress stimulates the production of NO and has anti-inflammatory properties. In contrast, oscillatory shear stress has the opposite effect. NO inhibits the expression of MCP-1, prevent LDL oxidation and inhibit vascular smooth muscle proliferation. All these effects represent the earliest steps in atherosclerotic development. Additionally, in a later stadium of atherosclerotic development NO inhibits the activity of MMPs which can alter the stability of the plaque 4,9,11,12. 
Laminar shear stress can affect the nitric oxide production in two different ways. The eNOS enzyme is activated within seconds after onset of shear stress. The activated eNOS enzyme produces NO 
(figure 4A).  Several hours after onset of shear stress the eNOS mRNA and protein production is increased. To increase the eNOS transcription the MAP kinase signaling pathway is activated involving activation of the tyrosine kinase c-Src. C-Src  activates RAS/RAF which then activate MEK1/2 and ERK1/25,7 (figure 4B)

Exposure to oscillatory shear stress increases the production of ROS including O2- and H2O2. This increase in ROS production in reaction to disturbed flow and this might affect endothelial inflammation5,7 . 
This was studied by Chappell et al.11 who demonstrated that oscillatory shear stress increased endothelial mRNA expression of several pro-inflammatory molecules. This study supports the hypothesis that low shear stress levels promote the earliest events in atherosclerosis development.





The human body has three carotid arteries which are divided into the common carotid artery, the external carotid artery and the internal carotid artery13.
The common carotid artery is paired as there is one for each half of the body. The common carotid arteries are on both sites the same with exception of their origin. The left common carotid artery originates from the aortic arch and the right common carotid artery originates from the truncus brachiocephalica13 (figure 5A). 





A. 						   B.

Figure 5. The cervico-cerebral arteries
A. The left common carotid artery originates from the aortic arch and the right common carotid artery originates out of the truncus brachiocephalica. 





When an atherosclerotic plaque develops it causes narrowing of the artery. When a narrowing or clot develops in the common carotid artery or internal carotid artery it impairs the blood supply to the brain resulting in symptoms of stroke.  

The common signs and symptoms are:
- 	Weakness or paralysis of the muscles of the face, arm or leg on one side. 
These symptoms are on the opposite site of the body because the right brain hemisphere controls the left side of the body and visa versa.
-	Inability to understand people
- 	Inability to speak
- 	Blindness of one eye





The diagnosis is made when the patient has any of the above mentioned symptoms. When the patient is examined a bruit sound might be heard. This sound is caused by the rush of the blood through the narrow part of the artery. Normally, ultrasound is used to look at the carotid artery. This technique is able to detect the speeds of the blood flow through the narrowed areas. As the ultrasound cannot provide the full diagnosis a magnetic resonance angiogram (MRA) or a carotid angiogram can be performed. By these procedures a contrast due is used to show blockages in the arteries.  




The treatment of occlusive lesions in the carotid arteries had been entirely surgical (endarterectomy) until the invention of balloon angioplasty1. 






















Figure 6. Carotid endarterectomy. 
A. Carotid arteries with atherosclerotic plaque
B. Carotid artery is cut and plaque is removed







The endovascular treatment options are balloon angioplasty and stent placement1. 
Balloon angioplasty is another treatment for carotid artery disease. In carotid angioplasty a thin catheter with a balloon in the end is used to the narrowed or blocked artery. Once in place, the balloon is inflated to push the plaque outward against the wall of the artery. Usually, a small metal stent is placed to reduce the risk of restenosis (figure 7). These stents might be coated with medication to help prevent the artery from closing again. When a stent is used, 2 out of 10 people will suffer from restenosis within 6 months. When a stent is not used 4 out of 10 people will suffer from restenosis within 6 months1. 




Figure 7. Stent placement in an artery with an atherosclerotic plaque
A. Deflated balloon catheter with closed stent is inserted
B. Baloon is inflated, expanding the stent and compressing the plaque
C. The blood flow is restored in stent-widened artery 

For most atherosclerotic plaques in the carotid arteries, endarterectomy is the standard treatment. However, with improved safety balloon angioplasty with or without stent placement is now a save procedure in a select group of patients. Both endarterectomy and balloon angioplasty has their own limitations. Endarterectomy is limited in the treatment of the common carotid artery and internal carotid lesions. Angioplasty is limited as the arches and bends in the vasculature make it difficult to guide the catheter.  For the difficult carotid plaques such as the common carotid artery, the hybrid approach is used by which the above mentioned surgery and balloon angioplasty is combined19,20. 





Subclavian to carotid bypass1,21

In this procedure a bypass is made from the subclavian artery to the carotid artery. In this procedure a supraclavicular incision is made. 
Both the common carotid artery and the proximal subclavian artery are dissected. A subclavian anastomosis is constructed. After construction is the graft cut to appropriate length. An arteriotomy is performed after the carotid artery is clamped. To improve the shape of the anastomosis the wall of the vessel is excised. The common carotid artery is ligated and the occluding clamps are removed in a proximal to distal fashion. The wound is closed 
over a drain. 

Carotid to subclavian transposition1,21 

In this procedure the common carotid artery is cut and translocated to the subclavian artery.  First, the subclavian artery is exposed after which the common carotid artery is exposed. The proximal carotid artery is clamped and stump oversewn. A subclavian arteriotomy is performed and an end-to-side anastomosis is constructed. After construction the clamp are removed and the skin in closed over a drain. 

Ascending aorta to carotid bypass1,21

This procedure is preferred when there is multiple arch vessel disease. This procedure is started with a sternotomy together with a standard carotid incision. The pericardial sac is cut to expose the ascending aorta. The blood pressure of the patient is decreased and the ascending aorta is partially occluded with a clamp. A graft is chosen and the proximal anastomosis is completed. The graft is tunneled under the brachiocephalic vein to the cervical wound. Carotid endarterectomy is performed, and an end-to-end anastomosis is performed.
 
Carotid to carotid bypass1,21











Angle of common carotid artery

As described above, the different shear stress levels are responsible for the development of atherosclerotic plaques. The plaque formation at the carotid bifurcation of the origin of the common carotid artery is influenced by the anatomic variation of the vessels involved. The different angles between these vessels together with the associated difference in shear stress levels might explain the increased risk of atherosclerosis. The insertion angle is altered and so the blood flow is altered. As a consequence the blood flow might become more oscillatory resulting in lower shear stress levels. These low shear stress levels are, as described above, associated with atherosclerosis development.  
This hypothesis was studied by Sitzer et al.22. They studied the relation between atherosclerosis development and the angle of the carotid artery and found that a more dorsal angle of the carotid artery was associated with lower shear stress levels and an increased risk of atherosclerosis development.  
Friedman et al.23 looked at the relation between geometric variation and the development of atherosclerosis. This study revealed several geometric features whose variation is sufficient to cause differences in hemodynamic forces ultimately leading to the development of atherosclerosis. 

Technical success of different treatments

Angioplasty with or without stenting

To evaluate the technical success of angioplasty with or without stenting several studies were performed. 
Van hattum et al24. looked at the results of angioplasty with or without stent placement. In their study they found that angioplasty with stent placement has moderate rewarding results after 2 years follow-up compared with angioplasty without stent placement. From this result they suggest that selective stent placement might improve long-term success and that selective stent placement must be considered as preferred treatment option. 




To compare angioplasty with surgery several studies were performed.
Bowser et al.26 compared the outcome and durability of carotid stent-assisted angioplasty with surgery to treat recurrent carotid stenosis. They found that that carotid angioplasty resulted in similar anatomic and neurologic outcomes compared with open surgery. 
Bowser et al26. suggest that surgery should be the preferred option as surgical treatment is more effective and a more durable treatment. Angioplasty is associated with increased risk of in-stent restenose. In contrary, patients with extensive cardiorespiratory disease are not suitable for surgery and with the availability of balloon angioplasty an increased number of patients can be treated. 
Aburahma et al.27compared to outcome for endarterectomy and angioplasty with stenting for recurrent stenosis. They found that angioplasty with stenting has a similar 30 day outcome results. However, angioplasty with stenting has a higher incidence of recurrent in-stent restenosis than surgery. 
Angioplasty combined with endarterctomy 

As described above, for the difficult carotid plaques such as the common carotid artery, the hybrid approach is used. In this procedure balloon angioplasty and surgery is combined. The combination of these procedures is a less aggressive alternative with comparable results to conventional treatment.28,29
As obstruction of the common carotid artery is associated with high morbidity and mortality rate the hybrid procedure might obtain better. 
Arko et al.30 looked at the results of carotid endarterectomy combined with angioplasty and primary stenting and found that carotid endarterectomy and balloon angioplasty and primary stenting of an aortic arch trunk vessel stenosis can successfully be performed. Also, this procedure avoids the need of an intra-extrathoracic bypass procedure. So, the hybrid procedure is a less invasive method to treat stenosis of the common carotid artery. 





Atherosclerosis develops from the accumulation of oxidized LDL. As the damage increases a plaque is formed in the artery wall. The location of plaque development is usually at bifurcations, branches and bends as these sites have altered shear stress levels. High shear stress levels are associated with an atheroprotective phenotype as the oxLDL and monocytes have less contact with the artery wall. 
Also, high shear stress levels are associated with less pro-inflammatory transcripts and increase NO production. Additionally, with high shear stress levels the endothelial cells are more aligned in the direction of the blood flow. Low shear stress levels are associated with endothelial dysfunction as the oxLDL and monocytes have more contact with the artery wall. Also, low shear stress levels induce the transcription of pro-inflammatory transcripts and decreased NO production. Additionally, with low shear stress levels the endothelial cells are not properly aligned and their turn-over is more rapid. 
The treatment of carotid artery lesions had been entirely surgical until the advent of balloon angioplasty. Balloon angioplasty gave practitioners another treatment option. Also a combination of balloon angioplasty and surgery is possible for the difficult carotid plaques. This thesis tried to evaluate and contrast these different techniques.  
Angioplasty can be performed with or without stent placement. Van Hattum et al24. and Tetteroo et al25. compared angioplasty with and without stent placement. They found no difference in technical success or clinical outcome both at short term and long term follow up. As stent placement is associated with increased risk of restenosis both suggest selective stent placement. 
Also, angioplasty and endarterectomy are compared for the treatment of carotid artery lesions. 
Angioplasty has similar anatomic and neurologic outcomes when compared with endarterectomy. As angioplasty is associated with higher risk of in-stent restenose, endarterectomy should be the preferred option. 
Furthermore, endarterectomy is a more effective and durable treatment. Endarterectomy is a more invasive procedure and patients with extensive cardiorespiratory disease are not suitable for this treatment. For these patients angioplasty is a more suitable procedure. 
Also, angioplasty and endarterectomy can be combined. This procedure is performed on the difficult carotid plaques such as plaques at the common carotid artery. This procedure is a less aggressive alternative with comparable results to conventional treatment. Arko et al30. looked at the results of carotid endarterectomy and angioplasty with stent placement and found that this procedure can successfully be performed and avoids the need of a bypass. This procedure is thus a good alternative to treat common carotid stenosis. 
Moreover, the primary success and safety of angioplasty of the common carotid artery was studied and compared with data for surgical options. The surgical approach to treat common carotid stenosis was well studied but only a few studies were published on angioplasty of the common carotid artery making comparison impossible for the treatment of common carotid artery stenosis. 
So, to treat carotid artery stenosis it is better to perform surgery than angioplasty as surgery is more effective and durable and angioplasty with stent placement is associated with a higher risk of restenosis.
But for patients that can tolerate surgery angioplasty is a good alternative. When angioplasty is performed it is best to use selective stent placement.
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